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Rontgenlasere — XFELs, hvad de er og hvad de kan

Kristoffer Haldrup, NEXMAP sektionen, DTU Fysik

(og med tak til alle dem jeg har stjalet figurer fra...!)
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Synkrotron-regntgenstraling er nyttigt... O @ Movies
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Synktrotron-rentgenstrdling Fossiler 2 &

kan bruges til ”en del”: Krystaller
Knogler
Insekter

Proteiner
Metaller

Afbgjningsmagnet:

Insertion device:

Rontgen-LASEREN er det naste skridt!
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Rontgenstrdlelasere, hvad kraever det? Molecular @
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I synkrotronerne bliver elektron-bundterne
genbrugt over en million gange 1 sekundet...
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Til en rontgen-laser skal elektronbundterne veare
ekstra "paene’’, s den slags genbrug duer ikke

Losning: ’ret ringen ud”,
dvs. byg en LINAC

LCLS rontgenlaser ved ¢

: ' . SLAC, Californien 1k '
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Meget pane elektronbundter +
meget lang undulator

=> Elektronbundtet vekselvirker med det udsendte stralingsfelt
= ”micro-bunching”

= SASE, Self-Amplified Spontaneous Emission

O
g

)
=
Q
B
o
o

distance

Stralings-effekt proportional med N-

Incoherent emission:

~ 109 -
‘ -0g N= 107 e
electrons randomly phased electrons bunched at

radiation wavelength

Coherent emission:
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ASE giver ca. 10° mere 35 | | EXFEL
intense rentgenpulser... o
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+pulserne er koherente, 1 modsetning Derfor har maskinerne fiet navnet

til fra synktrotroner, hvor det bare er X-ray Free Electron Lasers

en (kraftig!) byge af fotoner (men, ingen populations-inversion)
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XFEL parametre:

X-ray energy, 100 eV — 10 keV

X-ray photons/pulse, ~1012
Energy/pulse ~ 1 mJ (102 ph/pulse * 1.602*10-1°J/eV * 10 keV)
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Sammenligning,
rentgenkilder over tid

Free Electron Laser

Synchrotron radiation
sources of the:

ESRF 2nd improvement
3rd generation | ESRF 1st improvement

ESRF design values

1012*bedre pa ~40 ar

2nd generation -

1st generation

X-ray tubes

Pulse length ~10-100 fs (1 fs = 10-13 s, synkrotroner ca. 100 ps = 1010 s)

=> Peak power ~ 1 mJ/10°13 s ~ 10 GW

XFEL kilder er....ret intense
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XFEL kilder er....ret intense & Eet fokuseret skud pa Au-daekket
glas, 0.05 mJ puls-energi....

1/500.000 af eet nanosekund senere...

Modellering af lysozyme-
protein udsat for XFEL-puls:

Pulse

- o .. %

t:—2fs t=2fs t=5fs t=10fs t=20fs N 1=5b01s

Detektoren har en hul 1 midten... o N -Og proven bliver skudt
( igennem rentgenstralingen

o . :
Interaction Point
(10 um? focus)

——‘7"-.,
Be lenses =

CSPAD detector Undulator
(z =93 mm) (420 m upstream)
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Intensiteten kan bruges til at studere
“Matter in Extreme Conditions”, og
til at pille log fra kernen og ud...

lonization

Auger-elektron henfald

Hgjere fotonenergi, E= 1 keV Neon®" -ion med kun valenselektroner
=> primart vekselvirkning med kerne-elektronerne: ("Hollow neon™)

=> Ny viden om fundamental atomfysik og stof/stralingsvekselvirkninger
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De ioniserede elektroner undslipper
=> Coulomb-eksplosion

-pa 10-50 fs, sd med korte pulser kan man stadig male strukturen
(’Diffract and Destroy”)

100.000+ billeder, snedig sortering og
Enkelt-partikel billeddannelse masser af fourier-transformationer senere:
med ultrakorte pulser, mimi-virus: :

(Bemark: ingen diffraktionspletter)

3D-struktur af virus-partikler
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Milet for enkelt-partikel billeddannelse: Men ikke alle proteiner kan “nemt”
Enkelt- proteln billeddannelse krystalliseres...s@rligt membranproteiner er

meget vanskelige at krystallisere

Protein-krystal diffraktion virker...
-sa hvorfor?
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En anden herlig ting ved XFELs: De Ultra-korte rontgenpulser, < 100 fs
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100 fs 100 ps 100 ns 100 ps 100 ms

> 1\ ' 1,7\ ' 1 /~ ! 1 ' | | -

1015 1012 ¢ 10°s 10%s 103s

» Start with system in state A

 Pump system to state A¥* €——— UV-VIS-IR laser puls
» Wait At

* Probe the system in state A*
* Relaxation...

* Repeat for new At

”Molecular Movies”
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Rentgen er fantastisk til strukturbestemmelse .
-Men strukturer forandrer sig....

deoxyHb

ro 0%
] Structural change -> many times

: A higher affinity for binding 02

.'( i A ~ 60 Angstrom

Y. .

' = For at forsta funktionaliteten, ma man forsta den
Heemoglobin, dynamiske struoktur 0
0,/CO, transport = Og for at forstda den, ma man kunne ’se” den
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Et dybere blik ind 1 Kemien:

A+B — |IC

Well-known structure Unknown structure(s) + Unknown structure(s) + Well-known structure
Anisotropic orientation distribution Isotropic orientation distribution

’The making&breaking of the chemical bond”

“Real-time studies of chemistry in action”
’Birth of a molecule”
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Eksempel: Spin-

T, (')
High Spar
ot
Light
Excitation

AL )
Low Spin

| = Laser Pump
| — X-ray Probe
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S SIS

XDS, Solvent heating,
Systems for solar ) gLt =134) ps

energy conversion: . |AT=03()K

nal Strength / a.u

XES signal,
1=2.4(5) ps

Sig

40 -20 0 20 40 60
AT _f'ff pS

Our former students, now
postdocs, Tim&Kasper. Along
with the rest of us, among the
first non-Japanese to carry out
experiments at SACLA

'mm -~ om :
490 fs 1.9 ps ts
1Col 2Colt* ‘Col!

~0.5 ps electron transfer time

~2 ps spin-state dynamics

~10 ps ”molecular cooling” time
indicated by the solvent response
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XFEL-anvendelser: Fundamental atom/molekylefysik

Proteinstrukturer uden (store) krystaller

Studier af kemi og biologi med ultrahurtig tidsoplesning
Materialer under ekstreme forhold (geo-/planet- og bombe-fysik...)

-Og meget, meget mere!

= Alle vil have
cn XFEL, HU! | E;L?lgfggﬁﬁfrfhmm

R

PAL-XFEL
Vamm FAL. Pohang | KR
/

SACLA

LCLS-II
SLAC, Menlo Park | US g

—~——

Hard XFEL

Soft XFEL

Under construction/in development
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European XFEL
Schenefeld + Hamburg | DE

Ra

R

PAL-XFEL
//— PAL, Pohang | KR

/‘

/
‘ SACLA

LCLS LCLS-II
SLAC, Menlo Park | US

SwissFEL
PSlI, Villigen | CH

Hard XFEL

Soft XFEL

Under construction/in development

B

OO0 OOOOOOOOOOOOOUOOO. OO OOOOOOOCOOOOOUOOOA




O @ Movies

Molecular @
SR EER0EeE0EDEEEEEEeeEneEEEEEEEEEEEEDEEEEE RS (SR

ke XFEL 1 Hamborg;:

1S

Den Europa
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Project LCLS SACLA European SwissFEL PAL-XFEL
US Japan XFEL Switzerland | Korea

Max. electron energy (GeV) | 14.3 8.5 5.8 10
Wavelength range (nm) 0.13—4.4 0.06—0.3 0.1-7 0.06—10
Photons/pulse ~ 1012 2x 101 ~5x 101 1011-1013
Peak brilliance 2x10% 1 x 1033 1 x 1033 1.3x 103
Pulses/second 120 60 100 60
Date of first beam 2009 2011 | 2016 2016 2015
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The European XFEL (X-Ray Free-Electron Laser) is a research facility under
construction which will provide high intensity X-ray light to help scientists better
understand the nature of matter.

Location: Schenefeld
and Hamburg, Germany

User facility with 260
staff (+230 from
DESY)

2017 start of user
operation
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Denmark is a voting member, and the company JJ X-ray
at DTU Scion is delivering the FXE instrument financed
as an in-kind contribution
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Enlightening Science 11
European -l
XFEL ] Scientific instruments: =

SPB: Ultrafast Coherent Diffraction Imaging of
Single Particles, Clusters, and Biomolecules

Structure determination of single particles: atomic
clusters, bio-molecules, virus particles, cells.

MID: Materials Imagina & Dynamics

Suucture determination of nano-devicce and
dynamics at the nanoscale.

FXE: Femtosecond X-ray Experiments
Time-resolved investigations of the dynamics of
solids, liquids, gases

HED: High Energy Density Matter
Investigation of matter under extreme r<haitions
using naia X-rav FEI radistizce ' o g. problng dense
plasmas

SQS: Small Quantum Systems

Investigation of atoms, ions, molecules and
clusters in intense fields and non-linear
phenomena

SCS: Soft x-ray Coherent
Scattering/Spectroscopy

Electronic and real structure, dynamics of nano-
systems and of non-reproducible biological objects
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Reontgen Fri-Elektron lasere, XFELs, er fantastiske maskiner:
10° mere intense end synkrotroner

Stralingen er koherent, hvilket tillader avanceret billeddannelse

Pulserne er <100 fs, 1000 * kortere end hidtil muligt

Den kraftigste XFEL 1 verden bliver bygget i Hamburg til 2017
Danmark er en partner 1 projektet
DTU-Fysik koordinerer leveringen af instrumentet til tidsopleste studier

Fremtiden er kun lige begyndt, og det tegner til at blive et vildt og underholdende ridt!

-Tak til jer, for jeres opmarksomhed!
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UDECS-collaboration: G. Vanko Group, Budapest (Hungary)

Collaboration Partners and Funding Sources

ek e — —

(“Ultrafast Dynamics Exploiting V. Sundstrom Chemical Physics Group, Lund University (Sweden)
Complementary Structural Tools”)

C. Bressler FXE-group, Hamburg (Germany)
K. Gaftney Group, SLAC (USA)

M. M. Nielsen Group, "Molecular Movies”, DTU (DK)

XPP@LCLS Staff&coworkers

Pump-Probe end-station@SACLA Staff

IdO9b@ESRF and sectors 7/11@APS Staff

Danmarks

Grundforskningsfond """" m \[ILLUI\*’T FONDEN
il =)

DanScatt

)
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Molecular Movies team, 2011-14

Special Kudos to our group
of graduate students:

. Kasp%ov Kjeer, KU/DTU
« Tobias Harlang, LU

« Asmus Dohn, DTU

. Tirr%nd‘r Van Driel, DTU

 Elisa Biasin (2013->), DTU

« Peter Vester (2014 ->), DTU

And thank you, for your attention!

OO0 OOOOOOOOOOOOOOOOOOO OOOOOOOOOOOOOOOOOOOUOOOC




